ABSTRACT: The suppression of the abundant water signal has been traditionally employed to decrease the dynamic range of the NMR signal in proton MRS ( 1 H MRS) in vivo. When using this approach, if the intent is to utilize the water signal as an internal reference for the absolute quantification of metabolites, additional measurements are required for the acquisition of the water signal. This can be prohibitively time-consuming and is not desired clinically. Additionally, traditional water suppression can lead to metabolite alterations. This can be overcome by performing quantitative 1 H MRS without water suppression. However, the non-water-suppressed spectra suffer from gradient-induced frequency modulations, resulting in sidebands in the spectrum. Sidebands may overlap with the metabolites, which renders the spectral analysis and quantification problematic. In this paper, we performed absolute quantification of metabolites without water suppression. Sidebands were removed by utilizing the phase of an external reference signal of single resonance to observe the time-varying the static field fluctuations induced by gradient-vibration and deconvolving this phase contamination from the desired NMR signal. The quantification of metabolites was determined after sideband correction by calibrating the metabolite signal intensities against the recorded water signal. The method was evaluated by phantom and in vivo measurements in human brain. The maximum systematic error for the quantified metabolite concentrations was found to be 10.8%, showing the feasibility of the quantification after sideband correction.
Introduction
In in vivo proton magnetic resonance spectroscopy ( 1 H MRS), the suppression of the water signal is a standard procedure which allows the detection of low-concentration metabolite signals. Conventional water-suppressed 1 H MRS has been used for the non-invasive determination of the metabolite concentrations. The relative quantification is a widely used approach which generates metabolite ratios by using a metabolite signal in the spectrum as a reference. This may be misleading particularly when parallel alterations in metabolite concentrations occur, leading to substantial ambiguity in interpreting the spectra [1] . To avoid this ambiguity, the absolute quantification of metabolites has been performed using external and internal standards of known concentrations [2] . The use of external standards is complicated due to the inhomogeneities in the radio-frequency field, B 1 , and static magnetic field, B 0 . Since the internal reference originates from the same volume as the metabolite of interest, the imperfections in B 1 and B 0 are identical, hence the absolute quantification by using an internal reference can be advantageous. The non-suppressed water signal is widely used as an internal reference since the water content is generally well known and pathology-related variations are relatively small. Nevertheless, the use of the water signal as a reference has some drawbacks. An additional non-suppressed water data set must be acquired, increasing the measurement time. This can be overcome by performing 1 H MRS without water suppression.
Another advantage of the non-water-suppressed MRS is that signal changes related to nuclear overhauser effects (NOE) [3] and magnetization transfer effects [4] , which can be present when water suppression is employed, are circumvented. Despite these advantages, non-water suppressed 1 H MRS suffers from sidebands caused by fluctuations in B 0 generated by the mechanical vibrations of the gradient coils [13] . This time-varying magnetic field gives rise to time-varying changes in the phase of the acquired signal. Consequently, the frequency modulated time domain signal leads to sideband signals in the spectra. Due to overlapping with sidebands, metabolite resonances can be severely obscured, precluding the detection and quantification of metabolite signals.
Absolute quantification of metabolites without water suppression has been conducted in the past without taking the sideband contamination into account [5, 6] . These approaches employed very long echo times (TE) to avoid the sideband problem since the sidebands decay with increasing TE [6] . This approach, however, leads to poor signal-to-noise ratio (SNR) and limits the detection of short-T 2 metabolites. Several attempts have been made to overcome the sideband problem in non-water-suppressed 1 H MRS. The use of 2D oversampled J-resolved spectroscopy has been proposed to remove sidebands [7] . Despite the efficient removal of sidebands, this method leads to a long measurement time and might limit the minimum TE available. Kreis and Boesch [8] developed a two-step method based on the fact that phases of the sidebands are coherent with the sign of the gradient pulses. Therefore, sidebands can be nulled by combining different data sets acquired from separate measurements in which the polarity of the gradients is reversed. Other two-step schemes were also developed, inverting either the metabolite signals or the water signal [9, 10] or using frequency selective inversion pulses [11, 12] , unlike the gradient cycling method [13] which compensates only for sidebands produced by spoiler gradients. These methods require pulse sequence modification, which might be challenging at some sites. Another solution exploits the reflection of downfield region signals around the central water frequency into the upfield region and subtracting them from the latter by use of Hankel-Lanczos singular value decomposition (HLSVD) [14] . This solution assumes no metabolite resonance downfield from the water frequency, which may not be always valid in vivo (e.g., carnosine resonances around 7 ppm in brain and muscles [15] . Using only the modulus of the time domain signal to produce a real signal has also been implemented [16] . The effect of large resonances on the correction, however, was ignored.
In this contribution, we determined metabolite concentrations without water suppression by using the non-suppressed water signal as a reference for quantification after sideband correction. Sidebands were removed by the correcting the phase of the sideband contaminated time domain signal (FID) by using a phase correction term obtained from an external reference signal recorded under the same experimental conditions [17] . As the sidebands arise from the phase distortion of FID signal due to time-varying perturbation of the main magnetic field, removing the phase error added to contaminated FID signal leads to eliminating the frequency distortions from the spectrum. The validity of the proposed method was verified by phantom experiments as well as in vivo measurements conducted in human head.
Materials and methods

Sideband correction
The time dependent FID signal obtained from the nuclear spins, j, of resonance frequency w j can be described as
where A j is the amplitude, ω j is the angular resonance frequency, T 2 j is the spin-spin relaxation time. The angular resonance frequency is given as ω j = γ j B where γ j and B denote the gyromagnetic ratio and main magnetic field, respectively. If the main magnetic field is perturbed by any additional time varying magnetic field,B (t), generated by the vibrations of the gradients in our case, the main magnetic field becomes the superposition of true magnetic field and the time varying magnetic field as B s =B(t)+B, which in turn gives rise to a resonance frequency as ω s =ω(t)+ω j . Equation (2.1) therefore becomes
where S p j (t) is the perturbed FID signal and θ j (t) = γ jB (t). As can be seen from (2.2), the magnetic field perturbation generates a time dependent phase shift in the FID signal. Combination of equation (2.1) 
The correct time signal, S j (t), can thus be retrieved by multiplying the contaminated time signal, S p j (t), by the exponential term, e −iθ j (t) , to cancel out the phase error added. The phase term, θ j (t), can be calculated from a reference FID obtained from a phantom of single resonance (i.e., distilled water) recorded under the same experimental conditions.
Post-processing removal of water signal
In order to resolve the sidebands and metabolite signals, the water signal was removed from the spectra during postprocessing using singular value decomposition (SVD) [18] since all the spectra were recorded without water suppression. This is achieved by expressing the FID signal as an (N-M)×M forward Toeplitz matrix T. Based on the SVD principle [19] , the matrix T can be described as the product of an (N-M)×(N-M) unitary matrix U, an (N-M)×M diagonal matrix Σ and an M×M matrix V as T = U Σ V + . Here N is the number of data points in the non-water-suppressed FID signal, M is the window size of the Toeplitz matrix and + denotes the conjugate transpose. The largest diagonal element of the matrix Σ, σ 1 , corresponds to the largest-amplitude sinusoid component in the FID, which in our case represents the water signal. By setting σ 1 to zero and keeping the rest unchanged, one can reconstruct a new Toeplitz matrix from which a new, watersuppressed, FID is generated.
If the water signal is much larger than the other resonances present in the FID signal, as is the case with non-water-suppressed 1 H MRS, a smaller M can be used. Otherwise a larger M is required to differentiate between the singular values corresponding to water signal. M was chosen to vary between 20 to 30 in this study as a result of an optimization to give the most efficient water suppression given the size (N) of FID and the ratio between the water and metabolite signals.
Magnetic resonance spectroscopy (MRS) measurements
The performance of the proposed method was evaluated by both phantom and in vivo experiments. Single voxel phantom measurements were conducted on a 3 Tesla whole body MRI scanner (Siemens Trio, Erlangen) whereas in vivo measurements were carried out on a 1.5 Tesla whole body MRI scanner (Siemens Symphony, Erlangen), both equipped with a standard head coil. A single voxel point-resolved spectroscopy (PRESS) localization with the following parameters was employed: TR = 1500 ms, TE = 30 ms, voxel size = 15 × 15 × 15 mm 3 , number of averages (NEX) = 128, 2048 data points with spectral width of 1000 Hz. A 1.3 l spherical container filled with an aqueous solution of 12.5 mM n-acetylaspartate (NAA), 10 mM creatine (Cre) and 3 mM choline (Cho) was used as a phantom. 0.5% sodium azide (NaN3) was added to prevent bacterial invasion. The full-width at half-maximum (FWHM) of the water resonance during shimming was minimized to be in the range of 4-7 Hz for all phantom experiments. The in vivo experiments were performed in the frontal gray matter of a 30 year old female volunteer using PRESS localization with the following parameters: TR = 1500 ms, TE = 40, 135 ms, voxel size = 20 × 20 × 20 mm 3 , NEX = 128, 1024 data points, 1000 Hz spectral width. The FWHM of the water peak was minimized to be around 10 Hz for in vivo experiments. The phase angle, (arctan(
Im(S)
Re(S) )), was derived from the FID signal recorded without water suppression.
Absolute quantification
The metabolite concentrations were calculated using the following equation:
where the subscripts m and r refer to the metabolite to be quantified and reference signal, respectively, and C is the concentration, A is the estimated signal intensity, N m is the number of protons contributing to each metabolite m (N NAA = 3, N Cre = 3, N Cho = 9) and N w is 2 for water. F T 1 and F T 2 are the T 1 and T 2 correction factors and were calculated as follows:
where T R is the repetition time. T 1 and T 2 are the spin-lattice and spin-spin relaxation times, respectively. For the quantification of in vitro data, we used the measured T 1 and T 2 values of metabolites whereas for in vivo data we used the previously published literature values [20] . T 1 relaxation times of metabolites were measured by using a PRESS sequence with 10 different repetition times (1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 6000 and 6500 ms) with TE of 30 ms. For the measurement of T 2 relaxation times, spectra were acquired at 6 different TE's (30, 60, 120, 180, 270 and 350 ms) with TR of 3000 ms. T 1 and T 2 were calculated by fitting data points determined using the peak areas of metabolites to mono-exponential func- Figure 1 shows the in vitro spectrum before (left) and after sideband (right) correction. Note that anti-phase sidebands (marked by arrows) are symmetrical about the SVD-suppressed residual water signal and obscure the metabolites, especially Cho (3.2 ppm) and Cre (3.0 ppm) peaks. After correction, sidebands are removed and metabolites emerge clearly. A small-amplitude, residual sideband signal can also be seen in the downfield region after correction (6 ppm).
Results
Sideband correction
The in vivo spectrum acquired from a voxel localized in the frontal gray matter of a healthy volunteer before (left) and after (right) correction is shown in figure 2 . Arrows indicate the antiphase sideband peaks located symmetrical around the residual water signal after SVD. Before correction, it is not possible to resolve metabolites whereas they can be clearly seen after correction. Residual water signal can still be observed in the sideband corrected in vivo spectrum. 
Discussion
In this work, we determined metabolite concentrations by 1 H MRS without water suppression. Water sidebands were removed by eliminating the gradient-induced phase error by using the phase information of the external water signal recorded under the same experimental conditions. Ideally, the phase information obtained from the reference phantom should be precisely the same as for the in vivo experiment for perfect removal of sidebands. However, as a phantom replacement technique, the proposed method is sensitive to the differences between two measurements with regards to B 0 and B 1 . As a result of using a water phantom, which does not mimic the in vivo anatomical structures realistically, the information obtained from this phantom does not fully match the desired information. This in turn leads to some residual sidebands. However, these residual signals are of sufficiently small amplitude and might not pose a problem for quantification unless they overlap with very low-amplitude resonances in the spectra. It should be stated, however, that even in the case of very realistic phantoms, it would not be possible to mimic the in vivo anatomical structures perfectly, which might lead to imperfect sideband removal or residual sidebands. This might still constitute a problem if the aim is to detect or quantify very low-amplitude resonance in the spectrum which might be still obscured by these residual sidebands. It is noteworthy that the proposed method can also be used for eddy current compensation [22] and it is advantageous when the traditional eddy current correction is complicated by the presence of strong non-water protons, which can lead to artefacts in the resultant spectrum by resulting in an error in the phase correction term. This can be particularly important for applications such as the spectroscopy of breast where fraction of the lipids is around 50%. The proposed method however, can be used in this case since it is not influenced by in vivo signals for deriving the phase correction term.
The maximum systematic error for the quantified metabolite concentrations was found to be 10.8%, showing the feasibility of the quantification after sideband correction. As for the measured in vivo values, albeit the measured Cho signal is in accord with the previously published literature values, Cho and NAA seem to be underestimated by 25% [23] . This can be due to the T 1 and T 2 values extracted from literature to correct for the relaxation effects in the in vivo spectrum. Also, partial volume effects can not be ruled out.
It should be also mentioned that out-of-phase resonances, such as the in vitro NAA singlet, observed in the corrected in vitro spectrum do not not circumvent the quantification of metabolites as the phase of each resonance metabolite signal is incorporated in the parameter estimation, which is further supported by acceptably low quantification errors. It should be also emphasized that the additional in vivo scan time for recording the water signal for quantification as required by other water-suppressed methods is avoided thanks to not suppressing the water signal. Albeit this additional scan time can be minimal for single voxel spectroscopy measurements, it can be long and might constitute a clinical setback for the 1 HMRSI measurements. Moreover, not requiring any pulses sequence modification for sideband correction can be attractive for certain cites.
Conclusion
This study shows the feasibility of performing absolute quantification of metabolites without water suppression. The simple method investigated here provides (i) the capability for removing sidebands from the non-water-suppressed spectra, (ii) the advantage of achieving the absolute quantification without additional in vivo scan time, (iii) the simplicity of not requiring any pulses sequence modification. Results show that 1 H MRS without suppression can be used as an alternative to traditional water-suppressed 1 H MRS.
